In order to correctly simulate the simultaneous switching of power electronics circuits and to solve the problems of virtual power loss existing in the traditional interpolation algorithm, this article proposes interpolation algorithm considering simultaneous solution and instantaneous solution. After each integration, it searches for the switching events and determines the simultaneous switching. The simultaneous switching events are solved simultaneously. Instantaneous solution is carried out at forced commutation switching instant. The historical terms calculation method in instantaneous solution under different conditions is given, and the exact power loss of forced commutation switch is obtained. After processing all switching events during one time-step, the half-step interpolation is performed to eliminate numerical oscillations. The proposed algorithm is applied to the electromagnetic transient programme of advanced digital power system simulator (ADPSS), and the correctness and effectiveness of the algorithm are verified by simulation tests for typical power electronics circuits. The simulation results show that the proposed algorithm has high simulation accuracy and can satisfy requirements of power electronics simulation.
Introduction
Power system electromagnetic transient simulation programme (EMTP) is generally based on Dommel's algorithm. Numerical integration substitution (NIS) constitutes the basis of Dommel's EMTP [1] [2] [3] . The trapezoidal integration algorithm has high accuracy and absolute stability, widely used for NIS [1] . With the development of power electronics technology, a variety of power electronics devices appear in power system, which are essentially high-frequency actions of a large number of switching devices. For fixed time-step EMTP, if a switching occurs in between the time points, it can only be represented at the next time-step point, which will cause some problems that is spikes [4] , numerical oscillations [4] [5] [6] , and voltage and current waveforms with uncharacteristic harmonics [4] . As the trapezoidal integration is based on the assumption that the change of any parameter from one time-step to the next is linear, using linear interpolation technology to improve the simulation accuracy in power system electromagnetic transient simulation is feasible [7] [8] [9] [10] [11] .
This paper summarises the main problems that should be considered in the design of interpolation algorithm for simulation of power electronics circuits. Then, based on the framework of the traditional EMTP, it proposes a new interpolation algorithm considering simultaneous solution and instantaneous solution for electromagnetic transient simulation. The proposed algorithm has the ability to solve the problems of waveforms with noncharacteristic harmonics, simultaneous switch action abnormally, and virtual power loss in power electronics simulation. The proposed algorithm is applied to the electromagnetic transient programme of advanced digital power system simulator (ADPSS), which is developed by China Electric Power Research Institute (CEPRI). By comparing the simulation results for typical power electronics circuits in ADPSS and commercial software PSCAD/ EMTDC, and the simulation and analysis of three-level STATCOM in ADPSS, correctness and effectiveness of the proposed algorithm are proved.
Main problems of power electronics simulation

Simultaneous switching
Simultaneous switching means there are multiple switching events in the same time-step [12] , which usually appears as a switching caused by the other switching [9, 13] . The circuit of Fig. 1 shows the simplest form of simultaneous switching composed of IGBT and diode.
When the IGBT turns OFF, because the current in the inductor cannot change instantaneously, the diode must turn on immediately and maintain the current in the inductor. However, the diode will turn on in the next time-step for fixed time-step programmes, resulting in the intermittent load current and a large load voltage spike, as shown in Fig. 2 .
Virtual power loss
The general idea of the traditional interpolation algorithm is to interpolate the solution to switching instant (STEP 2 in Fig. 3 ), change the conductance matrix to reflect the switching, and take an integration step (STEP 3 in Fig. 3 ). Reference [14] points out the traditional interpolation algorithm causes a virtual power loss in force-commutated switch turn-on due to both voltage and current are non-zero. The same problem occurs in force-commutated switch turn-off， as shown in Fig. 3 , which is voltage and current curve for force-commutated switch (thyristor, GTO, or IGBT) turnon using the traditional interpolation algorithm, in which the black dotted line is for the voltage curve and the blue solid line is for the current curve. 
Interpolation algorithm considering simultaneous solution and instantaneous solution
Aiming at the problems of simultaneous switch action abnormally and virtual power loss for forced commutated switching, this section proposes a new interpolation algorithm considering simultaneous solution and instantaneous solution based on the traditional interpolation algorithm.
Simultaneous solution and instantaneous solution
With all the network components represented by Norton equivalents, a nodal formulation is used to perform the network solution. The nodal equation is as follows [4] :
where the variable Δt is simulation time-step. The variable t is simulation time which is an integer multiple of Δt for normal network solution of fixed time-step simulation programme. The variable [G] is the conductance matrix which changes only when the network parameters or topology changes. The variable v(t) is the vector of nodal voltages. The variable i(t) is the vector of external current sources. The variable I hist (t−Δt) is the vector current sources representing past history terms. In order to solve the problem of simultaneous switching, the paper proposes the simultaneous solution in the interpolation algorithm. The process of simultaneous solution in interpolation is shown in Fig. 4 . Assuming that the programme is dealing with the switching events between t-Δt and t, the programme just finishes interpolating the solution to the switching instant t acti -Δt. First, the programme takes an integration step forward to t acti with [G] matrix (STEP 1 in Fig. 4 ). Second, it searches for switch action events between t acti and t acti -Δt. Assume that there are switch action events and the simultaneous switching events, all node voltage, branch current, and history terms are linearly interpolated back to t acti -Δt (STEP 2 in Fig. 4 ). The conductance matrix is modified to reflect the simultaneous switching events and resolve the network at t acti (STEP 3 in Fig. 4 ), that is simultaneous solution.
In order to obtain accurate switching losses, the paper proposes the instantaneous solution for force-commutated switch turn-on or turn-off in the interpolation algorithm.
According to (1), the nodal equation of instantaneous solution at switching instant t act is as follows:
where [G′] is the conductance matrix which is changed to reflect the switching. In order to calculate the solution at switching instant t act , the emphasis is on the calculation of history terms I hist (t act −Δt). The calculation method is given below.
If there is not any event that causes the change of the network topology between t−Δt and t−2Δt, an interpolation is used to obtain I hist (t act −Δt):
If there is an event that causes the change of the network topology between t and t−Δt, an extrapolation is used to obtain I hist (t act −Δt):
Using the above instantaneous solution method, the voltage and current curves for force-commutated switch turn-on are shown in Fig. 5 . Specific steps of interpolation algorithm considering instantaneous solution for force-commutated switch turn-on are as follows:
Step 1: When the programme is executed at time t, the trigger pulse of the force-commutated switch changes from 0 to 1 at the time t act, which is between t and t−Δt. At this time, the switch state is not changed and only the network solution is executed.
Step 2: Calculate the history terms using (3) and (4).
Step 3: Get the conductance matrix [G′] reflecting the forcecommutated switching, and solve the nodal (2) of instantaneous solution at t act .
Step 4: Take an integration step forward to t act + Δt.
Step 5: All node voltage, branch current, and history terms are linearly interpolated back to the normal time t. Compared with Fig. 3 , STEP 1 is the same, and STEP 4 and STEP 5 are the same as STEP 3 and STEP 4, respectively. STEP 2 and STEP 3 are different and important.
Algorithm flow
Using simultaneous solution and instantaneous solution proposed in Section 3.1, the paper proposes the interpolation algorithm considering simultaneous solution and instantaneous solution, which can not only accurately reflect the characteristics of the simultaneous switch and forced commutation switch, but also can solve the numerical oscillations problem. Specific flow chart of the interpolation algorithm considering simultaneous solution and instantaneous solution is as shown in Fig. 6 . The basic principle of the algorithm is as follows.
After the integration, the programme searches whether there are switching action events during the step of the integration. If there are switch action events, and the simultaneous switch is included, simultaneous solution is performed. If the simultaneous switch is not included, the earliest switch is regarded as the switching event to be processed. If the event is the forced commutation switching, the conductance matrix is modified to reflect the switching and the instantaneous solution is performed at tm he switching instant. If not, interpolate to the switching instant, modify the conductance matrix to reflect the switching, and take an integration step. After the event is processed, the switch is searched again and processed until there is not switching event during the time-step. Finally, a half time-step interpolation is used to eliminate the numerical oscillation.
Simulation test
In this paper, the interpolation algorithm considering simultaneous solution and instantaneous solution is developed in ADPSS. Based on buck chopper circuit and single-phase full-bridge inverter, the simulation results of ADPSS and commercial software PSCAD/ EMTDC are compared to verify the accuracy of the proposed algorithm. By comparing the simulation results of three-level STATCOM model in ADPSS by different time-steps, it shows that the instantaneous solution in the proposed algorithm is effective in suppressing virtual power loss and has great adaptability to the time-step.
Buck chopper circuit
The proposed algorithm is used to simulate the buck chopper circuit as shown in Fig. 1 , in which the switching period of the IGBT is 0.02 s and the on-state duration is 0.008 s. The pulse width modulation (PWM) is used, and the simulation time-step is 50 μs. Fig. 7 shows the state of IGBT and diode (VD) in the circuit, in which 1 on behalf of on-state and 0 on behalf of off-state. In Fig. 7 , IGBT and diode change state at the same time, which shows that simultaneous solution method of the algorithm of this paper is effective. Fig. 8 shows the load current and voltage curves for ADPSS and PSCAD/EMTDC. It can be shown that the load current flows normally through the free-wheeling diode after the GTO is turned off and there is no spike in the load voltage. The simulation curves of ADPSS using the proposed algorithm are in good agreement with PSCAD/EMTDC, indicating that simultaneous solution and instantaneous solution in the proposed algorithm are successful and have high accuracy.
Single-phase full-bridge inverter circuit
Single-phase full-bridge inverter with resistance and inductance load of Fig. 9 is modelled in ADPSS and PSCAD/EMTDC. The switching frequency is 750 Hz. Simulation time-step is 10 μs. The circuit of Fig. 9 includes typical situation of simultaneous switching, force-commutated switching, and high-frequency switching, which is basic topology of FACTS and VSC. Figs. 10 and 11 show comparison of the DC current I d curves and output load current i o curves in ADPSS and PSCAD/EMTDC. It can be shown that the simulation curves of ADPSS using the proposed algorithm are in good agreement with the simulation curve of PSCAD/EMTDC, once again indicating that the interpolation algorithm considering simultaneous solution and instantaneous solution is successful and high-frequency switching. 
Three-level STATCOM
In order to detect the effect of the instantaneous solution in the proposed algorithm and the adaptability of the algorithm to the simulation time-step, a three-level STATCOM test system of Fig. 12 is modelled in ADPSS. The basic parameters of STACOM are as follows: rated capacity of 330 MVar, nominal system frequency of 60 Hz, the ratio of coupling transformer of 500/13.2 kV, reference DC voltage of 27.984 kV, and PWM switching frequency of 1800 Hz. Simulate STATCOM test system separately using the proposed algorithm with and without instantaneous solution. The response of Fig. 13 . Without instantaneous solution, measured reactive power oscillation is obvious. However, measured reactive power is stable with instantaneous solution. It is proved that instantaneous solution in the proposed algorithm is effective in suppressing virtual power loss. Simulate STATCOM test system separately using the proposed algorithm with instantaneous solution by time-step of 5, 10, and 25 μs. Response of STATCOM DC voltage for various scenarios is shown in Fig. 14. Here, a 0.1 s non-metallic three-phase grounded fault at BUS2 is applied in STATCOM test system. The time-step of 10 μs exhibits negligible deviation from simulations compared with time-step of 5 μs. In contrast, the time-step of 25 μs shows some deviation. Therefore, it is recommended to select the appropriate time-step according to the switching frequency to simulate power electronics. For this case with 1800 Hz PWM, 10 μs is a reasonable time-step to use.
Conclusion
The paper proposes an interpolation algorithm considering simultaneous solution and instantaneous solution that can be applied to large-scale power electronics simulation. After each integration, the algorithm searches for the switching events and determines the simultaneous switching. The simultaneous switching events are solved simultaneously. Instantaneous solution is performed at forced commutation switching instant. After dealing with all switching events during one time-step, the halfstep interpolation is performed. This algorithm can solve the problems of waveforms with non-characteristic harmonics, simultaneous switch action abnormally, and virtual power loss in power electronics simulation. In this paper, the algorithm is applied to ADPSS, and the correctness and effectiveness of the algorithm are verified by three different simulation examples. The simulation results show that the simulation algorithm has high simulation accuracy and can satisfy requirements of power electronics simulation.
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